77-meson in nuclear matter 
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The 77-nucleon (77N) interactions are deduced from the heavy baryon chiral perturbation theory up 
to the next-to-leading-order terms. Combining the relativistic mean-field theory for nucleon system, 
we have studied the in-medium properties of 77-meson. We find that all the elastic scattering 77N 
interactions come from the next-to-leading-order terms. The 77N sigma term is found to be about 
280±130 MeV. The off-shell terms are also important to the in-medium properties of 77-meson. On 
application of the latest determination of the 77N scattering length, the ratio of 77-meson effective 
mass to its vacuum value is near 0.84 ± 0.015, while the optical potential is about —(83 ± 5) MeV, 
at the normal nuclear density. 
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I. INTRODUCTION 

The studies of meson-baryon interactions and the me- 
son properties in nuclear medium are interesting subjects 
in nuclear physics. The pion-nucleon/pion- nucleus and 
kaon-nucleon/kaon- nucleus interactions have been much 
studied, both theoretically and experimentally. Due to 
the lack of eta beams, the 77- nucleon/77- nucleus interac- 
tion is still not as clear as that of the pion-nucleon/pion- 
nucleus and kaon-nucleon/kaon- nucleus. Since the 77- 
nucleus quasi-bound states were first predicted by Haider 
and Liu |lj and Li et al. |2j, when it was realized that 
the 77-nucleon interaction is attractive, the study of the 
77-nucleus bound states has been one of the focuses in 
nuclear physics 0, 0, H, IE S H, 0, E3, EH 

The key point for the study of 77-nucleus bound states 
is the 77 nuclear optical potential. There have been 
some works in this field. Waas and Weise studied the 
s-wave interactions of 77-meson in nuclear medium, and 
got a potential U v ~ -20 MeV 12|. Chiang et al. [l3| 
gave U v ~ —34 MeV by assuming that the mass of the 
iV*(1535) did not change in the medium. Tsushima et 
al. predicted that the 77-meson potential was typically 
-60 MeV using QMC model [Tj. Inoue and Oset also 
obtained U n ~ -54 MeV with their model . Obvi- 
ously, there are model dependencies in describing the in- 
medium properties of 77-meson. Therefore, further stud- 
ies are needed. In this paper, firstly we deduce the 77N 
interactions from chiral perturbation theory; then com- 
bining the relativistic mean-field theory for nucleon sys- 
tem, we will study the properties of eta meson in uniform 
nuclear matter. 

The relativistic mean field theory (RMF) is one of the 
most popular methods in modern nuclear physics. It 
has been successful in describing the properties of or- 
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dinary nu clei/ nuclear matter and hyper- nuclei/nuclear 
matter [H 

On the other hand, the chiral perturbation theory 
(ChPT) was first applied by Kaplan and Nelson to in- 
vestigate the in-medium properties of (anti)kaons |Tci |. 
Some years later, an effective chiral Lagrangian in heavy- 
fermion formalism was also introduced to study the 
kaon-nuclear/nucleon interactions or kaon condensation 
The advantage of using the heavy-fermion 
Lagrangian for chiral perturbation theory was clearly 
pointed out in Ref. Compared with the previous 

chiral perturbation theory 0], the outstanding point in 
Refs. [2(1 l2ll l22l | is that additional next-to-leading-order 
terms, i.e., off-shell terms, are added to the Lagrangian. 
The additional terms are essential for a correct descrip- 
tion of the KN interactions. 

The chiral perturbation theory also had been used 
in the study of 77-meson in-medium properties in Ref. 
[T2I Il5| , where only the leading-order terms were kept in 
the calculations. Given that the higher order terms, e.g., 
off-shell terms, are important to the 77N interactions, and 
they have not been included in the previous studies for 
the 77N interactions with chiral perturbation theory, we 
have, in the present work, studied the 77N interactions 
with the heavy-baryon chiral perturbation theory up to 
the next-to-leading-order terms. Combining the RMF for 
nuclear matter, we obtain the in-medium properties of 77- 
meson. Comparing our results with the previous results 
(with only leading-order terms), we find that the next- 
to-leading-order terms are important to the calculations 
indeed. The 77-nucleon sigma term is found to be 280 
± 130 MeV. The ratio of 77-meson effective mass to its 
vacuum value is 0.84 ± 0.015, while depth of the optical 
potential is —(83 ± 5) MeV, at the normal nuclear den- 
sity. The large uncertainty in the sigma term E^jv does 
not affect the results significantly in low density region, 
varying by about 8 MeV at normal nuclear density. 

The paper is organized as follows. In the subsequent 
section, the effective chiral Lagrangian density we used 
is given, the effective Lagrangian for 77N interactions is 
derived, and the coefficients for the sigma and off-shell 
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terms are determined. Then, combining the RMF for 
nucleons, we obtain the 77-meson energy, effective mass, 
and optical potential in nuclear matter in Sec. 11111 Wc 
present our results and discussion of the 77-meson in- 
medium properties in Scc. lIVI Finally a summary is given 
in Sec. E| 



II. THE 77N INTERACTIONS IN CHIRAL 
PERTURBATION THEORY 

A. The theory framework 

The interactions between pseudoscalar mesons (pion, 
kaon, and eta meson) and baryons (nucleons and hy- 
perons) are described by the SU(3)lxSU(3)r chiral La- 
grangian which can be written as 

£chiral = £4, + £-4>B- (1) 

£4 is the mesonic term up to second chiral order p"s|. 

+ i/ 2 S {TrAf g (S-l)+h.c.}. (2) 

The second piece of the Lagrangian in Eq.JD, £c/,b, de- 
scribes the meson-baryon interactions, and reads at low- 
est order [ls| 

£% = TrB(i^d fi -m B )B + iTrB^[V fl ,B] 

+^TrS 7 ^7 5 {A M , B} + FTiBj^j 5 [A^, S],(3) 

The next-to-leading order chiral Lagrangian for s-wave 
meson-baryon interactions reads |20| 

Cf 3 = ai r TrB(ZM g £ + h.c.)B + a 2 TrBB(tM q t + h.c.) 
+a 3 r TiBBTr(M q Y, + h.c.) + d 1 TrBA 2 B 
+d 2 TrB(v ■ AfB + d 3 TrBBA 2 
+d 4 TvBB(v ■ A) 2 + d 5 TrBBTrA 2 
+d 6 TrBBTr(v ■ A) 2 + d^BA^A^B 
+d s TrB{v ■ A)Tt(v ■ A)B + d 9 TiBA fl BA f " 
+d 10 TrB(v A)B(v A), (4) 

In the above equations, M q = diag{m g , m q , m s } is the 
current quark mass matrix, Bq relates to the order pa- 
rameter of spontaneously broken chiral symmetry, the 
constants D and F are the axial vector couplings whose 
values can be extracted from the empirical semilep- 
tonic hyperon decays, the pseudoscalar meson decay con- 
stants are equal in the SU(3)v limit, and denoted by 
/ = f„ ~ 93 MeV, is the four-velocity of the heavy 
baryon (with v 2 =l), and £ = £ 2 = exp (i\/2$/f), W = 
(f^ + ft^OA^" = -ftflff)/(2»). The 3 x 3 

matrix B is the ground state baryon octet, ttt-b is the 



common baryon octet mass in the chiral limit and $ col- 
lects the pseudoscalar meson octet. 

The next-to-leading-order terms in Eq. J3J have been 
developed for heavy baryons by Jenkins and Manohar 
[Tflj . The heavy baryon chiral theory is similar to the 
non-relativistic formulation of baryon chiral perturbation 
theory [2l|. However, the heavy baryon theory has the 
advantage of manifest Lorentz invariance, and quantum 
corrections can be computed in a straightforward manner 
by the ordinary Feynman graphs, rather than the time 
ordered perturbation theory |2J|. The Lagrangian has 
been shown to be suitable for describing the chiral prop- 
erties of nuclear system in Ref. [2^, where one can also 
find detailed discussions on how to systematically com- 
pute the higher order terms of this Lagrangian. In this 
paper, we limit our calculations up to the squared char- 
acteristic small momentum scale Q 2 (involving no loops) 
for s-wave 77N scattering, because the corrections from 
the higher-order coupling are suppressed, at low energy, 
by powers of Q/A x with A x ~ 1 GeV being the chiral 
symmetry breaking scale. Hence no loops need to be cal- 
culated in this paper. If the loop corrections are included, 
the higher order terms, i.e., next-to-next-to-leading or- 
der, should be added. We will consider it in our later 
work. 

Expanding £ up to the order of l// 2 , and using the 
heavy-baryon approximation, i.e., 

u = -= \Jl + ^,v x ,v y ,v z ) w (1,0,0,0) (5) 
m \ V Tn J 

(because v x , v y and v z are very small), we easily obtain 
the Lagrangian for 77N interactions: 

£ n = l^d.n -\(rnl- ^n*n) V 2 

+ 1 ■ -^Mn^c^, (6) 

where m v corresponds to the mass of 77-meson, which is 
determined by m 2 = |_Bo(to 9 + 2m s ). S,,n is the 77N 
sigma term, which is determined by 

2 

£ i; n = --[aim, + 4a 2 m s + 2a 3 (m q + 2m s )]. (7) 

From Eq.@), we can see that the last three terms of 
Eq.© do not contribute to the 77N interactions. The 
S^n// 2 term in Eq.© is deduced from the first three 
terms of Eq. J3J , which corresponds to the chiral break- 
ing and shifts the effective mass of 77-meson in the nu- 
clear medium. The last term of Eq.© is the contribu- 
tion from the last ten terms of Eq.©, sometimes, which 
is called "off-shell" term, k is a constant relevant to dj's 
(i = 1 -10). Its value is to be determined from the 77N 
scattering length. 
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B. The determination of the 77N sigma term and « 

To calculate E^n, we should know the parameters on 
the right hand side of Eq. (JZJ) . In fact these par ameters 
have been previously discussed in Refs. p6l I2H l28l I29I ] 
and are used in Ref. |18| . 

As is well known, the KN sigma term can be written 

as m 



Ekn = —(m s + m q )(a 1 + 2a 2 + 4a 3 )/2. 



(8) 



Solving 03 from this equation, and then substituting the 
corresponding expression into Eq. Q leads to 



1 + r 



+ aim,, ^1 — - a 2 m s (2 - r) 



(9) 

where r = m q /m s <C 1. Expanding the right hand side 
of Eq. JHl to a Taylor series with respect to r, we have 
2 

£>jN = 2 (2S K n + aims - 2a 2 m s ) 



(2E 



KN 



etim s — 2a2m s ) r 



+higher-order terms in r. 



(10) 



Because of the extreme smallness of r, and also due to the 
fact that our formulas are valid merely up to the next- 
to-leading order, we take only the first two terms, i.e, 
£?jN = (1/3)(2Ekn+«i m s — 2a2m s )(2— r). Usually, r is in 
the range of (1/24, 1/26) [H El [H H| , and we use the 
modest value r — 1/25. In fact, the concrete value does 
not matter significantly due to the extreme smallness of 
r. The values for aim s and aim s can be well determined 
by Gell-Mann Okubo mass formulas, giving the result 
ai m s = -67 MeV. For a 2 m= i one has 125 MeV pc| or a 
little bigger value 134 MeV [23, and we take the average 
tt2m s = 130 MeV. The value for KN sigma term has some 
uncertainties. The latest result is Ekn = 312 ± 37 MeV 
in the perturbative chiral quark model j33|- The lattice 
gauge simulation gave Ekn = 450 ± 30 MeV:35|. The 
result of lattice QCD is E K n = 362 ± 13 MeV [391. and 
prediction of the Nambu-Jona-Lasinio model is Ekn = 
425 (with an error bar of 10 — 15%)[37|. Thus, in our 
calculations, we use Ekn = 380 ± 100 MeV in its possible 
range. Equipped with the above parameters, we finally 
obtain E I)N = 283 ± 131 MeV, where ±131 MeV reflects 
the uncertainty ±100 MeV in Ekn- Naturally, if one uses 
a smaller Ekn vakue, e.g., Ekn = 2m w [2(j, S, ; n would 
also become smaller. 

For the other parameter k, it is not too difficult, from 
the Lagrangian in Eq. ©, to derive the 77N scattering 
length (on-shell constraints): 

(E, N + KIIlJ) . (11) 



a ' = 



4nP(l + m v /M N ) 



So we can determine k with a given E^n and a vN via the 
relation 



4tt/ 2 



1 



1 



,,7N 



J?)N 



(12) 



Recently, Green et al. 13811 analyzed the new experi- 
mental data from GRAAL [3!j , and gave the real part of 
77N scattering length a vN — 0.91 fm, which agrees to their 
previous result [40|. With the similar method, Arndt et 
al. a l so predicted a 11 ^ — 1.03 — 1.14 fm, comparable 
to that found by Green et al. So one can assume that 



is in the range of 0.91 ~ 1.14 fm. Using the central 



value a'' N = 1.02 fm leads to k = 0.40 ± 0.08 fm. For the 
eta and nucleon masses, we use = 547.311 MeV 
and M N = 939 MeV. 

It should be pointed out that the 77N interactions in 
the present model come from the term of E^jv// 2 and 
the off-shell term, while the leading Tomozawa- Weinberg 
term simply vanishes. We do not consider any other non- 
diagonal coupled channel, which was investigated with 
the chiral coupled channel model by Waas and Weise 01 ■ 
According to their calculations, the contribution of non- 
diagonal coupled channel to the 77N optical potential is 
on the order of ~ 20 MeV at normal nuclear density. 



III. IN-MEDIUM PROPERTIES OF jj-MESON 

The Lagrangian for one ?7-meson in nuclear matter is 
given by 



C — Cq + C n , 



(13) 



where £0 is the Lagrangian for the nucleon system. In 
this paper, we adopt the standard Lagrangian, Cq, for the 
nucleon system in relativistic mean-field theory (given in 
the appendix). C v is the Lagrangian for 77-meson, which 
is given in Eq. ©. On application of the Lagrangian in 
Eq. i|13|) , we immediately have the equation of motion for 
the 77-meson field 



*n*n + -to^n^nV V = 0(14) 



Defining the ^n^n fluctuation S as 
*n*n = (*n*n) +$, 



(15) 



where (^n^n) is the vacuum expectation value. Because 
the mean-field approximation is a very familiar method 
which has already been used in studying the in-medium 
properties of kaons with a similar chiral approach [43ll44| . 
We adopt it in our present calculations. 

At the mean-field level, we neglect the fluctuation S. 
Then the equation of motion for the ry-meson field is sim- 
plified to 



^ j; n 



where p s = (^n^n) is the scalar density. 
Plane wave decomposition of Eq. (|16f) yields 



E^N 



f2 Ps 



k 2 = 0.(17) 
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The 77- meson effective mass, m*, in the nuclear medium 
is defined by 



u) = \ m 



(18) 



Substituting this equation into Eq. (|17|) leads to an ex- 
plicit expression 



(19) 



Simultaneously, the last two terms on the right hand 
side of Eq. (fP7|) is the 77-meson self-energy, i.e., 
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p'P s + pP s 



k' 



(20) 



which is a function of the ry-meson single-particle energy 
lu and the momentum k. Accordingly, the optical poten- 
tial for 77-meson in the nuclear matter is given by 



2m. 



-n{ui,k = Q; Ps ) = 



2m r , 



(21) 



To obtain the 77-meson in-medium properties, we need 
a relation between the scalar density p s and the nucleon 
density pn = (^Jj^n)- Because there is only one single 
77- meson in the nuclear matter, its effect on the nuclear 
matter is neglectable. According to the relativistic mean- 
field theory, we have the following relation between p s , 
PN: an d the a mean- field value <Jq\ 



Ps = (M N + .g>o) 3 f(x), 
where the function f(x) is defined to be 



+ x 2 - In ( 1 + \f\ + x 2 ^j /tt 



(22) 



(23) 



with x being the ratio of the nucleon's Fermi momentum 
to its effective mass, i.e., 



2 n PN 



1/3 



(M N + g*tro) ■ (24) 



The mean- field value <jq is connected to the scalar density 
Ps by 



(2 2 *a \ / "N 

m a a a + g 2 cr + g 3 cr ) /g a 



(25) 



Therefore, for a given nucleon density p, we can first solve 
(Jo from 

m 2 a a + g 2 ol + g 3 a 3 = -g* (M N + 5>o) 3 /(a), (26) 

and then calculate the scalar density p s from Eq. 125|l or 
1(53)1, 

The detailed derivation of the Eqs. ||52J|-|J3BJ can be 
seen in Ref. 0- To be self-contained, we also at- 
tach a brief derivation in the appendix. In numerical 



FIG. 1: The scalar density (full curve) and the negative 
sigma mean-filed value (dotted curve) as functions of the nu- 
cleon density. They both are increasing functions, but the in- 
creasing speed is getting slower and finally when the density 
is higher than about 2 times the nuclear saturation density, 
they are nearly constant. 



calculations, we adopt the NL3 parameter set 01 i- e -i 
771 (j = 508.194 MeV, m u = 782.501 MeV, g^ = 10.217, 
= 12.868, g 2 = -10.434 fm" 1 and g 3 = -28.885. The 
numerical results for p s -pw are given in Fig.^ where one 
can see clearly that p s is an increasing function of the nu- 
clear density. When the density is about 1.5 times lower 
than the nuclear saturation density, p s is nearly propor- 
tional to Pn- However, when the density is about 2 times 
higher than the normal nuclear density, p s is nearly a 
constant. The mean- field value of the sigma filed is also 
given in Fig.[3with a dotted curve. Its density behaviour 
is similar to that of p s . 



IV. RESULTS AND DISCUSSIONS 

In this section, we discuss the effective mass, optical 
potential in nuclear medium, and the off-shell behavior 
of 77-meson, respectively. For zero momentum 77-meson, 
we can see, from Eq. I|18|). that the energy ui is equal 
to its effective mass. Therefore, we do not mention the 
77-meson energies any more in the following discussions. 

In the calculation, the precision of the 77-meson effec- 
tive mass and optical potential are determined by the 
two parameters S,,n and k. Equation i|12[l connects the 
parameter n to the scattering length a I,N , whose possible 
values are collected in Tab. [I] To reflect uncertainties 
in the two quantities S^n and a ??N , we take the sigma 
term S^jy = 150, 280, and 410 MeV, and the scattering 
length a vN = 0.91 38] and 1.04 [ly fm, in numerical 
calculations. 

Figs. [3 and |3| show the 77-meson effective mass and 
nuclear optical potential of 77-meson as functions of the 
nuclear density. The results from Ref. 1^ (strait line) is 
also shown in Fig. [3 for comparison. The curves in Figs. 
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[59] 


0.98 


0.846 


79 


m 


0.991 


0.845 


80 


Coupled K matrices [40] 


1.05 


0.82 


82 


[41] 


1.14 


0.825 


88 



TABLE I: A selection of the real part of the rjN scattering 



length in literature. 



m*/m n 



and Uri are effective mass and 



the potential depth at normal nuclear density calculated with 
the scattering lengths. Where we use S^jv = 280 MeV in 
calculations. 



121 and |21 are obviously divided into three groups which 



7 „N 



0.91, 



correspond to different scattering lengths 
1.14 fm and k = 0, respectively. The dotted, solid and 
dash-dotted curves in each group correspond to £, ; n = 
150, 280, and 410 MeV, respectively. 



A. Effective mass 

It is obvious, from Fig. [21 that the ry-meson effective 
mass decreases almost linearly in the region p < po- In 
this region, the results of Ref. |^ a ls° show a linear 
relation for the effective masse with nuclear density. At 
higher densities, however, the effective mass decreases 
non-linearly, and the decreasing speed becomes smaller 
and smaller and at last nearly constant in the range p > 
2pQ. The reason is that, when the density is higher than 
about 2 times the normal nuclear saturation density, p s 
nearly is a constant (see Fig. 1). 

For the same scattering length, we find that, at low 
density region p < 0.5po, the effective mass is nearly 
independent of the sigma term £ i; n. When we set 
S^n = 280 ± 130 MeV, which changes in a large range, 
the variation of the effective mass is within ±4 MeV at 
p = po- And at high nuclear density, say p = Zpo, the 
variation is within ±10 MeV compared with that at the 
central value of T, v n = 280 MeV. Thus, we can conclude 
that the effective mass of mmesons is insensitive to the 
concrete value of E^n at low dens ity regi on. 

Although the latest predictions |38|, |4l| give large scat- 



tering lengths 



0.91 



1.14 fm, there are other 



0.95 
-^0.9 
: 0.85 
0.8 
0.75 
0.7. 




£ =150 MeV 

ti N 

£ =280 MeV 

Tl N 

£ .,=410 MeV 

r] N 



FIG. 2: The Effective mass of jy-meson as a function of nu- 
clear density. The straight line is obtained from Ref. |12j . 



El El El El El El IH To see the effects of differ- 
ent scattering length values on the r\ effective mass, we 
show, in Fig. [3 the results for a nN = 0.91 and 1.14 fm, 
respectively. On the other hand, in Tab. I, we give, at 
normal nuclear density, the effective mass corresponding 
to the resp ective 77N scattering length in the literature 

fM M El El El El El El El El El El El El 
I59I ;60]. From Fig. |3 we find that, with the same 
sigma term E^at, the effective mass depends strongly on 
the scattering length a vN . At p = po, the effective mass 
(with E I)A r = 280MeV) is m* v /m, q = 0.85 for (P N = 0.91 
and m*/m n = 0.825 for a" w = 1.14 fm. When the scat- 
tering length varies from 0.25 fm to 1.14 fm, the effective 
mass will run from 0.95m^ to 0.825m^. Corresponding to 
— 0.91 ~ 1.14 fm, which are favored by recent works, 
and S^N; which is predicted in Sec. II, the effective mass 
is (0.84±0.015)m, ; . 

At normal nuclear density, the effective mass in Ref. 
[I2] ] is 0.95m,;, which agrees with result of the small scat- 



tering length 



0.25 fm. As pointed out in the 



above, the effective mass changes nonlinearly with in- 
creasing densities in the region po < p < 2pQ. This be- 
havior agrees to the predictions by Tsushima et al. |14| 
with quark-meson coupling model. The effective mass 
at p = po predicted by them is about 0.88m,,, which 
just corresponds to the result with scattering length 



0.68 fm. This can be clearly seen from Tab. I 



different predictions E1EE1ISIS0E1E1E1 



. The outstanding characteristic of our results is that 
the present calculations give much smaller effective mass 
than the others when we adopt the larger scattering 
length. 

It should be mentioned that the chiral coupled channel 
model |12| gives much larger in-medium effective mass 
for fy-mesons than our predictions. The main reason is as 
such. In the chiral coupled channel model, there are only 
the leading-order terms, and so, the contributions to the 
effective mass come only from the non-diagonal coupled 



G 



channel. While in our model, the leading-order terms do 
not contribute to the calculations. All the contributions 
to the results come from the next-to-leading-order terms. 



B. Optical potential 

The optical potential as a function of nuclear den- 
sity is plotted in Fig. [3] We find that the density be- 
havior of U„ is quite similar to the effective mass in Fig. 
The reason is that the optical potential has a relation 
~ m* -m, as an approximation, which varies linearly 
with the effective mass m* of 77-meson. 

Similarly, it is also seen that the effect from the un- 
certainties of sigma term E^jv are quite limited in its 
possible range, and the optical potential depend strongly 
on the value of the scattering length. At normal nu- 
clear density, the upper limit of the uncertainties from 
the sigma term E^jv is no more than 8 MeV. However, the 
optical potential can change from —78 MeV to — 88MeV, 
when we modify the scattering length a vN from 0.91 to 
1.14 fm. Because there are still uncertainties for the 77N 
scattering length, we listed the possible potential depths 
corresponding to the possible scattering lengths appear- 
ing in literature in Tab. I. From the table, we can see 
that the potential depth at normal nuclear density ranges 
from 26 MeV to 88 MeV, because of the uncertainties of 
scattering lengths. Accor ding to the newest predictions, 
i.e. a* 1 " = 0.91 - 1.14 fra^El, the potential depth is 
about 83 ±5 MeV. This is a very strong attractive poten- 
tial which was never predicted by the previous models. 
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FIG. 3: The optical potential of 77-mesons as a function of 
the nuclear density. 

There have been some predictions for the nuclear po- 
tential of 77-mesons in other references. According to the 
SU(3) chiral dynamics with coupled channels, the optical 
potential depth at normal nuclear density is U v ~ —20 
MeV which is close to our formulas with a smaller 
scattering length a v N < 0.25 fm. In Ref. 0, by assum- 



ing that the mass of the iV*(1535) did not change in the 
medium, the optical potential U v = —34 MeV was ob- 
tained, which is close to our calculation with a n N ~ 0.30 
fm. The 77 potential from QMC model by Tsushima et 
al. and chiral unitary approach by Inoue et ai, are typi- 
cally —60 MeV and —54 MeV, which are comparable to 
our formulas with a„jv = 0-55 — 0.68 fm. Therefore, if 
we want to obtain shallower optical potential, we need to 
use a smaller scattering length. Because recent works fa- 
vor the bigger scattering length, our formulas give much 
deeper optical potential. 



C. The effect of off-shell term 

Finally, we discuss the role of the off-shell term in our 
calculation. In present model, the off-shell term k is de- 
termined by the scattering length a r,N . From the analysis 
of the subsections A and B, we know that the scattering 
length a' ,N strongly affects the calculations. The impor- 
tance of the off-shell behavior for low ener gy scattering 
had been pointed out in many Refs. [20I I43L l6l| . 

To clarify the effect of off-shell term on our calculation 
thoroughly, we turn off the off-shell term (k = 0) and 
show the results in Fig. and At p = po, without the 
off-shell terms, the effective mass is m*/m v ~ 0.94±0.03, 
and the optical potential is —(32 ± 16) MeV correspond- 
ing to E„jv = 280 ± 130 MeV. Thus, without the off-shell 
terms, we no longer have strong attractive potential for 
77-meson in nuclear medium. The calculations are in- 
dependent of the scattering length. Also in this case, 
the calculations depend strongly on the quantity of E„jv . 
Without the off-shell terms, the variation of the optical 
potential from the uncertainties of E^jy can reach about 
30 MeV at normal nuclear density. However, it is no 
more than 8 MeV, when the off-shell behavior is consid- 
ered. Thus, the off-shell terms can dramatically depress 
the effects from the uncertainties of E^jy. 



V. SUMMARY 

In this paper, we have derived an effective Lagrangian 
for 77N s-wave interaction from the effective meson- 
baryon chiral Lagrangian including the next-to-leading- 
order terms. Up to l// 2 terms for s-wave 77N interac- 
tion, only the sigma term and off-shell term survive. It is 
found that the 77N sigma term is E^a? = 280 ± 130 MeV 
according to the KN sigma term. The off-shell term k 
is determined by the scattering length. If we adopt the 
newest predictions a, ; jv ~ 0.91 — 1.14 fm for the scatter- 
ing lengths pi El) , we obtain the value « = 0.40 ± 0.08 
fm. 

Combining the relativistic mean-field theory for nu- 
cleon system, we calculate the effective mass and op- 
tical potential of 77-mesons in uniform nuclear medium 
in the mean-field approximation. According to the lat- 
est predictions a V N ~ 0.91 — 1.14 fm for the scattering 
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lengths 38, 41], at normal nuclear density the effective 
mass is about (0.84 ± 0.015)m^, and the depth of optical 
potential is U v ~ -(83 ± 5) MeV. 

Finally, we should point out the importance of the 
next-to-leading-order terms of the chiral Lagrangian 
again. In fact, the leading-order terms do not contribute 
to the 77N interactions. All contribution comes from the 
next-to-leading order terms. It indicates that the next- 
to-leading order terms should be included in the study of 
the rjN interaction. In the present paper, we do not con- 
sider corrections from the non-diagonal coupled channel. 
According the study of Waas and Weise, the correction 
may be on the order of 20 MeV for the optical potential. 
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d^A" — d v A 11 . On application of the mean-field approxi- 
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(A2) 

where the a, lu, and p fields are replaced with their mean- 
field values (Teh w o and po- cro and ujq satisfy 
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APPENDIX A: RELATION BETWEEN THE 
SCALAR DENSITY AND NUCLEON DENSITY 
IN THE RELATIVISTIC MEAN-FIELD 
APPROACH 

In this appendix, we give a short derivation of the re- 
lation between the scalar density and nucleon density in 
the relativistic mean-field approach (RMF). 

In RMF, the effective Lagrangian density 0] can be 
written as 



N 



2 M 2 a 



1 2 S 1 2 4 

3S2V - - ff3 V 



mlao + 2 0o + 5300 = -g„ p s , (A3) 
™^ 0| = g^pN, (A4) 
with p s = (^n*n) and p N = (*n*n)- Therefore, at the 
mean-field level, the energy density of nuclear matter is 



(2^) 3 Jo 



(k 2 + Mjf ) 



1/2 



d*, 



(A5) 



where = Mn + g^ao is the effective mass of nucleons. 

In Eq. JSIJl, the energy density has been expressed as 
an explicit function of do- Because cto should minimize 
£, i.e., de{(To) / dao, we immediately have 



m 2 a (t + gio\ + .93^0 = — 



M* dk 



(27r) 3 7 (fc 2 + M* 2 )V2' 

(A6) 

which is nothing but the Eq. I|2t)|l . Equation (|A3f) corre- 
sponds to Eq. H25fl . And comparing Eq. (|A6|) with Eq. 
"T3j| then gives the Eq. 
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